Pitch perception for pure tones was investigated in a group of listeners with low-frequency sensorineural heating loss. Pitch judgments from each listener were compared with results from psycho-acoustic tasks which provide information on the "place" of cochlear response. The pitch measures employed were: {1} binaural pure-tone pitch matching in a listener with unilateral heating loss, {2) octave judgments in listeners with musical ability, and {3) pitch-intensity functions in other listeners. Cochlear place of response was inferred from psychophysical tuning . curves {PTC's). Two distinct types of PTC's for low-frequency probe tones were observed. Three listeners demonstrated "abnormally tuned" PTC's. For these listeners the frequencies that were most effective at masking the probe were considerably higher than the probe frequency. The three remaining listeners demonstrated "normally tuned" PTC's. Listeners with abnormally tuned PTC's were suspected of having an extremely abnormal place of response for low-frequency tones; this response pattern being located more toward the base of the cochlea than in the listeners with normally tuned PTC's. Sensitivity thresholds measured in the presence of high-pass masking noise supported this hypothesis. Small pitch-frequency irregularities were observed in many listeners, although they were not consistently related to the inferred place of response for that frequency. The individual listeners' pitch judgments failed to distinguish between two types of PTC's. In particular, listeners who demonstrated abnormally tuned PTC's did not exhibit correspondingly large pitch irregularities. These results are difficult to explain on the basis of a classical "place" theory of pitch perception.
INTRODUCTION
Current theories concerning the pitch of complex tones {Goldstein, 1973; Wightman, 1973; Terhardt, 1974} propose a multistage pitch processor; incoming complex stimuli are subjected to an initial analysis which yields the frequency {or pitch} of the resolved stimulus components. This pattern of components is sent to a central processor for identification as a single "best fitting" fundamental pitch. This theoretical work has primarily emphasized the nature of this central processor and its decision-making process. The relevant coding of the inputs from the cochlea remains unanswered. It is this question, the encoding of the pitch of single pure tones, which will be the topic of this report.
The classical "place" theory of pitch perception relates the pitch of a pure-tone stimulus to some spatial characteristic of its pattern of neural activity across the cochlea. Accordingly, differing places of stimulation for pure tones of different frequencies will lead to different pitch sensations {Bekesy, 1960; Zwicker, 1970}. In contrast with the place theory, an alternative mechanism for the peripheral encoding of pitch has traditionally been proposed, which relates the pitch of pure tones to the temporal pattern of neural firings, this temporal pattern being linked to the frequency of the pure-tone stimulus {Wever, 1949; Goldstein and Srulovicz, 1977}. Since many forms of sensorineural hearing loss have been linked to lesions of sensory receptors within the cochlea, the use of certain types of hearing-impaired listeners would seem to offer an opportunity to study pitch perception in listeners with abnormal spatial patterns of cochlear stimulation. The present experiments will investigate whether or not such listeners' pitch judgments follow the abnormal place cues available to the auditory system. Psychoacoustical masking data obtained from human listeners are assumed to display the spatial response pattern, with the masked thresholds of test stimuli surrounding a pure-tone or narrow-band masker ,indicating the relative shape and position of the response pattern {Plomp, 1976}. This concept has been developed extensively by Zwicker {1970} as the "excitation pattern" of a pure tone. Thus the classical masking patterns of Wegel and Lane { 1924} and the various refinements upon this basic paradigm {Egan and Hake, 1950; Vogten, 1974; and Houtgast, 1974} are theorized to represent a relative display of the neural activity resulting from the stimulus of interest {in this paradigm, the masker is the stimulus of interest}. The tonotopic pattern of cochlear organization is reflected by masking patterns centered about the masker frequency, and as the masker intensity is increased, the response pattern spreads nonsymmetri-cally, with a greater spread toward higher frequencies (i.e., more basal sensory units).
In contrast with classical masking patterns, the psychophysical tuning curves (PTC) paradigm employs a low sensation level probe that is held constant while the masker is varied. If it is assumed that the maximally effective masker frequency (MMF)occurs when the masker's neural response pattern is centered over the probe's response pattern, we arrive at the conclusion that the PTC "tip" indicates the relative place of maximum neural response for a given probe tone. The location of PTC tips along the frequency dimension are assumed to correspond to the spatial location of each tone's response pattern along the basilar membrane, with tones of low frequency normally having a PTC tip located at low frequencies (apical location) and tones of higher frequency having their PTC tip at higher frequencies (basal location). In addition, the high-frequency side of the PTC is assumed to indicate the relative position of the apical edge of the probe's response pattern, since maskers with frequencies higher than this side of the PTC will be ineffective in masking the more apical regions of the cochlea (i.e., those regions responding to the lower frequency probe tone).
PTC's from most listeners (normal-hearing and hearing-impaired) tend to indicate a normal place of response for the probe tone. Although small discrepancies (up to 6%) between the MMF and the probe frequency in simultaneousmasked PTC's have been noted by Vogten (1974 Vogten ( , 1978 Moore, 1978) , these discrepancies would appear to be related to the suppression effects present in a simultaneous-masking paradigm, and therefore, not potentially related to the pitch sensation of a pure tone. Moore (1981) reported discrepancies between MMF and probe frequency in a forward-masking paradigm as large as 3% (at 1000 Hz). He showed a significant rank-order correlation of these discrepancies with the listeners' pitch sensations. The issue of pitch sensation and its relation to the PTC, however, will most likely remain unanswered by research involving only listeners with small MMF-probe frequency discrepancies, since the irregularities are not large when compared with the precision of PTC measurements.
In contrast with the results described above, two recent reports of PTC's from heating-impaired listeners demonstrate striking discrepancies between the probe frequency and the MMF or frequency location of the high-frequency side of the PTC. Thornton and Abbas (1980) and Goldstein et al. (1982) have measured PTC's (simultaneous masking) in listeners with low-frequency sensorineural heating loss. They demonstrated two types of PTC's for low-frequency probes. Subjects with a maximum masking frequency at or near the probe frequency exhibited the normal rules of masking, that is, little masking occurred for maskers above the probe frequency and maximum masking occurred when masker frequency equaled probe frequency. Such a PTC will be termed a "normally tuned PTC." The second type of PTC found by these researchers, termed "abnormally tuned," showed a maximum masking frequency that was located at a frequency considerably higher than the probe frequency. In addition, the steep high-frequency side of the PTC for the abnormally tuned PTC's was located far above the probe frequency, in some cases, more than two octaves above.
This second type of PTC suggested to Thornton and Abbas that the detection of the low-frequency probe was occurring at a place normally associated with a response pattern for high frequencies. These authors proposed, for listeners with abnormally tuned PTC's, that sensory units at the apical end of the cochlea (those units which are used by normal-hearing listeners to detect threshold-level low-frequency signals) were destroyed or absent. At the higher signal levels required to reach threshold in these heating-loss listeners, the detection of the probe was due to sensory units located more toward the base of the cochlea. Thus, although the mechanical vibration pattern of the basilar membrane was presumed to be essentially normal in these listeners, the neural response to the vibration occurred only at cochlear regions located more basal than normal. Indeed, the abnormally tuned PTC's reported by these researchers resemble the single unit masked physiological tuning curves of Bauer (1978) for high-frequency CF (basal location) neurons. When the masker levels required to decrease the neural response to a low-frequency probe tone were plotted as a function of frequency, this neural-masked tuning curve showed a distinct MMF at the CF of the neuron, rather than at the probe frequency. Thus the most effective masker at this neuron's place (basal location), for any probe frequency, was a high-frequency masker at the neur- 
I. DESCRIPTION OF LISTENERS
A total of six listeners with low-frequency hearing loss were used in these experiments. Listeners ranged in age from 28 to 70 years of age; all were female exept for JN. Standard audiometry was performed on all listeners during their initial visit to the laboratory. In all cases, the thresholds obtained by air conduction did not differ from those by bone conduction by more than 10 dB, and in nearly all cases the air-bone gap was 5 dB or less; this suggests that all losses were primarily sensorineural in origin. None of the listeners exhibited excessive tone decay (method of Olsen and Noff-singer, 1974 (1982) were obtained using a simultaneous masking technique, and masker levels of 70 to 100 dB SPL were required to mask the probe. At these high stimulus levels and in the simultaneous masking condition, the potential for the production of combination tones, beats, or other artifacts exists (Nelson, 1979) . The detection of these distortion products could influence the shape of the PTC (Carney and Nelson, 1982) . In the present experiment, a forward-masking paradigm was employed in an attempt to substantiate the finding that two classes of low-frequency sensorineural hearing loss exist. Listeners were allowed a considerable number of practice sessions, insuring that maximum levels of performance were reached by all listeners and that abnormally tuned PTC's were not the result of artifacts in a subject's performance. In addition, simultaneous masked PTC's were also obtained from a few listeners in order to compare findings with those obtained by the forward-masked procedure.
A. Methods
Forward-masked psychophy$ical tuning curves
A 200-ms pure-tone maskcr with 10-ms rise-fall times was followed by a 20-ms probe tone. The temporal separation between masker and probe was 2 ms. A 4AFC paradigm was used for presentation, with the masker alone presented in three intervals, and probe plus masker in a fourth, randomly chosen, interval. The 2-up, 1-down stepping rule guided the masker level in an adaptive procedure to track the 71%-correct level of performance (Levitt, 1971 ). Forwardmasked tuning curves were measured for probes at 250 and 500 Hz. Probe levels were 10-15 dB above the pure-tone thresholds obtained for longer duration signals (200-ms). This level corresponded to a sensation level for the shortduration probe of about 5 dB. Up to 12 runs were required to obtain asymptotic performance for some listeners' PTC's.
Simultaneous-masked psychophysical tuning curves
Simultaneous-masked PTC's were measured in five listeners, four of whom had previously completed the forwardmasked PTC experiment. Subjects tracked the masker level necessary to mask the probe with a Bekesy recording attenuator. The masker was a continuous pure tone of fixed frequency and the probe tone was a pulsed signal at 250 or 500 Hz. The probe duration was 250 ms, 50% duty cycle in a 
IV. EXPERIMENT 3
The results of experiments 1 and 2 have obvious implications for pitch measurements if the place of cochlear response is indeed the relevant parameter for the coding of pure-tone pitch. The most clearcut example is that of the unilaterally impaired subject, MA. The PTC's for her impaired car (Fig. 4) show fairly sharp tuning curves with an MMF in the area of 500 Hz for probe tones of 250 and 500
Hz. The implication of this result is that, for frequencies at and below 500 Hz, MA is responding to a common place of cochlear response located in the area normally tuned to about 500 Hz. The obvious prediction then, based on place theory, is that MA will hear all tones below 500 Hz in her impaired ear as having a pitch roughly equivalent to a 500- Both the fixed-and variable-frequency tones were 500 ms in duration with 25-ms rise-decay times. Silent intervals of 500 ms separated the fixed and variable tones. This se-quence of tone pairs was repeated every 2.25 s until the listener indicated that a satisfactory pitch match had been made. Before the next presentation, the frequency of the variable tone was randomly set by the experimenter within plus or minus 25 % of the fixed-tone frequency to prevent the listener from using the adjustment knob as a reference for the next judgment. The range of frequencies available to the subject at any time was at least 400 Hz, and if the subject requested, this entire range could be increased, shifted up, or shifted down by the experimenter. The listener was instructed to make equal pitch judgments by setting the variable tone to both a "higher" and a "lower" pitch than the standard, and then approach the point of pitch equality. The intensities of the two tones were equal, set to the lowest level at which the fixed tone gave rise to a pitch sensation in the impaired ear with which the listener felt she could make consistent matches with the normal ear. At least 14 judgments were obtained at each frequency; the mean and standard deviation at that frequency were calculated from the final ten judgments.
Octave judgments
Four listeners, all with previous musical training, performed octave judgments. Three listeners had normally tuned PTC's {CA, CX, DR); the fourth listener {KB) had abnormally tuned PTC's. The stimuli and test equipment were the same as in the binaural pitch-matching experiment, except that both tones were presented to the same ear and the subjects' task was to adjust the variable frequency tone to a point which was 1 oct above the pitch of the fixed frequency tone. Both tones were set to the same intensity level; this level was the lowest that the individual subject felt comfortable with for musical interval judgments. Prior to each judgment, the frequency of the variable tone was set by the experimenter to a random value within plus or minus 25% of the physical octave frequency {twice the frequency of the fixed or lower-frequency tone). For the first two adjustments from each listener, however, the two tones were set initially to the same frequency, and the listener increased the frequency of the variable tone to the subjective octave interval. In all cases the first two judgments were within 25% of the physical octave. If the subject requested, presentation of either of the tones could be omitted for a period of time, or the range of frequencies available for the variable tone could be shifted up or down. At least 12 judgments were made at each of the frequencies of the fixed tone {250 and 500 Hz) and the final results were taken as the mean and standard deviation of the final ten judgments. Table I The comparisons between PTC's and the pitch judgments indicate that the place of the response suggested by the PTC, has little or no correspondence with binaural pitch matches or octave judgments. Only minor shifts or deviations of pitch are associated with large PTC differences, and in those cases, the deviations appear to be indistinguishable from those observed in listeners with normally tuned PTC's. Pitch-intensity functions were obtained at 250 and 500 Hz using the method of adjustment. Three listeners participated in the experiment. The equipment and stimuli were the same as in the binaural pitch-matching experiment, with the exception that both members of the tone pair were presented to a single ear. The listeners' task was the same as in the binaural matches, that is, to adjust the frequency of the second or variable-frequency tone until the pitches of the two tones were equal.
B. Results
The variable-frequency tone was set at an intensity level approximately midway between the subject's threshold and 100-dB SPL. Points on the pitch-intensity functions were generally gathered at 5-dB increments of the fixed tone's intensity, ranging from the lowest intensity at which the subject could discern a pitch sensation up to an intensity 30 dB greater or about 100-dB SPL. At least 12 judgments were made by the listener at each intensity combination and the ers. These results imply that large changes in the place of response which may accompany intensity changes in some listeners do not correspond to large or consistent changes of pitch.
va. DISCUSSION
The results of the experiments described herein indicate that rather large changes of the spatial response pattern correspond to only small changes of the pitch sensation. These findings suggest that the spatial response pattern does not play a large or consistent role in pitch perception at low frequencies. Extremely abnormal places of response for some listeners resulted in judgments of pitch which were similar to those from the listeners with normal places of response. Widely differing places of response across listeners' ears {including the two ears of the unilaterally impaired listener MA} did not lead to correspondingly large differences in pitch judgments. In addition, in each of the listeners with abnormally tuned PTC's, they appeared to have an identical place of response for tones of 250 or 500 Hz, yet the listeners' pitch judgments reflected different pitch sensations for the two frequencies. A theory of pitch which relates the pitch sensation of each low-frequency tone to a particular place of response along the basilar membrane is clearly inadequate to explain these results. • A "timing" or temporal theory of pitch provides a mechanism which would better explain the binaural pitch matches and octave adjustments of the listeners with abnormally tuned PTC's. Such a theory would predict similar pitch judgments for a given tone in listeners with widely differing places of response, and would also predict substantial differences in pitch judgments for tones at different frequencies, even if the tones produced identical places of response within the cochlea. The possibility exists that listeners normally utilize place information for the coding of pitch, but when deprived of reliable place information as a result of ½ochlear pathology, instead utilize timing information to make pitchlike judgments. However, it is difficult to imagine how and at what point the auditory system would decide that the place information was unreliable and abandon it in favor of contradictory timing information.
The large variabilities in frequency adjustments displayed by some listeners in these experiments (e.g., KB in Table II and Fig. 6 , CX in Table II} In order for any temporal theory of pitch perception to provide a satisfactory explanation of the present results, and of the results of previous researchers (e.g., Egan and Meyer, 1950; Ward, 1964; Verschuure and Van Meeteren, 1975} , it is necessary to account for the small pitch-frequency irregularities which are observed in some listeners. If the auditory system determines pitch from the neural timing information, the theorist must search for evidence of some sort of irregularity in the physiological synchrony-of-neural-firings data. There are some data from measurements of activity in single units of the auditory nerve which suggest that such irregularities may exist (Ogushi, 1978} . It is also likely that the temporal information would be extracted from neural responses at a level of the auditory system located more central than the auditory nerve. If the ½ochlear response pattern or place of maximum response is merely responsible for directing the auditory system to sample timing information from a particular place on the cochlea, then small deviations in the timing information which may exist between different ½och-lear places may be revealed as the response pattern is changed. In this manner, rather large changes in the spatial response pattern would be reflected in only small changes in •The pitch-matching results also eliminate another possible explanation for the occurrence of abnormally tuned PTC's in experiment 1; namely, that these listeners have abnormally high harmonic distortion at the cochlear level and tliat the response at low frequencies results only from the detection of a high-frequency distortion component at the place corresponding to the MMF. In this case, both place and temporal information would lead to a pitch corresponding to the MMF frequency, a result which was not obtained.
